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Purpose: We undertook this prospective valuation to define the direct hemodynamic 
impact of vein graft stenoses and to correlate intraoperative h modynamic findings with 
the preoperative duplex scan. 
Methods: Twelve consecutive isolated vein graft stenoses were identified in the vascular 
laboratory during our routine duplex scanning surveillance protocol over 10 months. 
Peak systolic flow velocity ratios (PSFVRs; velocity within stenosis/velocity proximal to 
the stenosis) at the stenoses ranged from 2.7 to 10 (mean, 5.5), and ankle-brachial 
indexes ranged from 0.47 to 0.94 (mean, 0.68) Preoperative arteriograms were obtained 
and confirmed the isolated stenoses, which radiographicaUy ranged from 20% to 83% 
diameter reduction (mean, 64%). At the time of surgery the stenotic graft segment was 
isolated, and simultaneous pressure measurements proximal and distal to the graft 
stenosis were measured, along with ultrasound transit-time blood flow measurements. 
Pressure and flow wave forms were recorded for 10 seconds at 200 Hz and were stored on 
a personal computer-based digital acquisition system. The graft stenoses were then 
repaired with either a vein patch or short interposition graft, and the hemodynamic 
measurements were repeated. Fourier transformation f the pressure and flow curves was 
performed, and the resistance and longitudinal impedance were calculated for each graft 
segment. 
Results: Before repair, mean pressure gradients across the stenotic graft segments (AP) 
ranged from 1.0 to 74.6 mm Hg (mean, 20.4 mm Hg), and vein graft flow ranged from 
4.9 to 140 ml/min (mean, 45.2 ml/min). After repair of the stenotic segments, the mean 
pressure gradient was decreased to a mean of 1.3 mm Hg, and vein graft flow increased to 
a mean of 104.8 ml/min. The PSFVR recorded in the vascular laboratory correlated 
significantly with Ap (r = 0.71; p = 0.01) and allowed prediction of Ap as: Ap = 7.4 
(PSFVR) - 19.8. PSFVR also correlated with measured resistance across the stenosis (r = 
0.79; p = 0.004). Converdely, the angiographic measurement of stenosis did not correlate 
significantly with these parameters. The angiographic measurement of stenosis howed a 
moderate correlation with the PSFVR (r = 0.58; p = 0.046). 
Conclusions: The PSFVR, as measured in the laboratory, is an accurate and useful 
indicator of the hemodynamic impact of vein graft stenosis. Revision of stenotic vein 
graft segments resulted in a significant improvement in graft hemodynamics. (J Vasc Surg 
1997;25:1016-22.) 
The detrimental impact of vein graft stenosis on 
graft patency is well established. 1,2 A policy of serial 
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duplex scanning of the graft has evolved as the opti- 
mal surveillance strategy for monitoring the patency 
and function of infrainguinal bypass grafts. 3-6 The 
peal; systolic flow velocity ratio (PSFVR; peak sys- 
tolic velocity within stenosis/peak systolic velocity in 
normal vein proximal to stenosis) has evolved as the 
most accurate parameter, with ratios greater than 3 
to 3.5 being indicative of a failing graft that requires 
intervention. 3-7 Despite our increasing knowledge of 
the impact of graft stenosis on graft patency, the 
effect of graft stenosis on graft hemodynamics is not 
well understood. It is known, for example, that sig- 
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nificant graft stenosis may be present despite the 
preservation of a normal ankle-brachial index (ABI). 
Similarly, previous efforts to relate the peal< systolic 
flow velocity (PSFV) of a graft stenosis as detected in 
the vascular laboratory to the ABI or ankle-arm pres- 
sure differences have demonstrated a lack of a consis- 
tent correlation, s 
We undertook the current study to assess the 
hemodynamic impact of vein graft stenosis on vein 
graft pressure gradients, blood flow, and measured 
resistance and impedance to blood flow. We then 
correlated these findings with the noninvasive labo- 
ratory findings to allow prediction of the hemody- 
namic effects of graft stenosis from the duplex scan. 
METHODS 
Preoperative evaluation. From July 7, i995, to 
March 8, 1996, 12 patients were identified uring 
routine vein graft surveillance as having an isolated 
vein graft stenosis in an otherwise normal infraingui- 
nal bypass graft and were entered into this study. Our 
routine surveillance protocol consists of measure- 
ment of the ABI, followed by a preliminary screen of 
the entire graft using the color-assisted duplex scan, 
recording peal< systolic graft flow velocities (60 de- 
gree angle of insonation) every 5 cm. Scans are per- 
formed at 1, 3, 6, and 12 months after surgery and 
then on a yearly basis. Graft stenosis, identified by 
areas of increased velocity, are further evaluated by 
measuring the PSFVR: peak systolic velocity within 
stenosis/peak systolic velocity in normal vein proxi- 
mal to stenosis. A PSFVR of 2.5 or greater was 
considered representative of a significant vein graft 
stenosis. These stenotic lesions were detected from 1 
to 12 months (mean, 4.5 months) after the original 
bypass insertion. The patients were further evaluated 
with conventional biplanar arteriography of the en- 
tire bypass graft and outflow vessels. Angiographic 
percent diameter stenosis was measured using 3× 
magnification and a mechanical caliper (1 - internal 
diameter of stenotic segment/internal diameter of 
normal adjacent vein graft). Vein grafts found (by 
duplex scan or angiography) to have multiple abnor- 
malities or stenotic lesions longer than 5 cm were 
excluded from the analysis. 
Intraoperative valuation. All vein graft revi- 
sions were performed with the patient under egional 
anesthesia. At the time of surgery the stenotic vein 
graft segment was exposed and simultaneous pres- 
sure measurements (22-gauge needles, arterial pres- 
sure tubing, arterial pressure monitor) proximal and 
distal to the graft stenosis were measured along with 
ultrasound transit-time blood flow measurements 
(HT107, Transonic Systems Inc., Ithaca, N.Y.). 
Pressure and flow wave forms were recorded for 10 
seconds at 200 Hz and were stored on a personal 
computer-based igital acquisition system (Lab 
Master DMA, Scientific Solutions, Inc., Solon, 
Ohio). The graft stenoses were then repaired with 
either a vein patch (10) or a short interposition graft 
(2), and the hemodynamic measurements were re- 
peated. Fourier transformation of the pressure and 
flow waveforms were performed, and the resistance 
and longitudinal impedance of each stenotic graft 
segment were calculated both before and after repair 
of the stenosis. Fourier transformation was com- 
pleted with specially designed software using previ- 
ously described calculations. 9 
Statistical analysis. All statistical analysis was 
performed with Statistica 5.1 for Windows (Statsoft 
Inc., Tulsa, Okla.). Comparison between groups 
were made with a Wilcoxon matched pairs test, with 
a p value less than 0.05 considered statistically signif- 
icant. Correlations were considered statistically sig- 
nificant if the p value was less than 0.05 and were 
interpreted as follows: 0 < r < 0.25, no correlation; 
0.25 -< r < 0.50, a fair correlation; 0.50 < r < 0.75, 
a moderate to good correlation; 0.75 -< r, a very 
good to excellent correlation, s,l° Standard linear re- 
gression analysis using the least sum of squared val- 
ues was used to compare selected parameters. 
RESULTS 
Preoperative valuation. The preoperative and 
intraoperative data for each patient are shown in 
Table I. PSFVs in the normal, prestenotic segments 
of the vein stenotic grafts averaged 67 + 9 cm/sec 
(mean + standard error of the mean) with a range of 
12 to 106 cm/sec. PSFVs within the stenotic seg- 
ments ranged from 41 to 559 cm/sec, with a mean 
of 362 + 53 cm/sec. The PSFVRs ranged from 2.7 
to 10.0, with a mean value of 5.5 + 0.6. Preoperative 
ABIs (excluding three patients who had noncom- 
pressible vessels) ranged from 0.40 to 0.94, with a 
mean of 0.68. Percent diameter graft stenosis as 
determined by arteriography varied from 20% to 
83%, with a mean of 64% diameter stenosis. 
Intraoperative measurements. The baseline 
mean pressure gradients across the vein stenoses av- 
eraged 20.4 mm Hg (range, 1.0 to 74.6 mm Hg). 
Baseline flow volumes in stenotic grafts averaged 
45.2 ml/min (range, 4.9 to 140 ml/min). 
After repair of the stenotic segments, the pressure 
gradients decreased and flow volumes increased sig- 
nificantly. Pressure gradients in repaired vein grafts 
ranged from 0 to 3.9 mm Hg, with a mean of 1.3 
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Fig. 1. Longitudinal impedance across the stenofic vein graft segment before and after graft 
revision. 
Table  I. Patient data 
Angiographic 
Patient ABI stenosis (%) 
PSFV above PSFV in A p before A p after 
stenosis stenosis repair repair 
(era~see) (cm/sec) PSFVR (ram Hg) (mm Hg) 
Graft blood flow Graft blood flow 
before repair after repair 
(ml/min) (ml/min) 
1 0.60 60 106 559 5.3 
2 0.94 80 50 374 7.5 
3 0.60 43 56 151 2.7 
4 0.53 80 50 267 5.3 
5 0.47 77 72 427 5.9 
6 NC 71 45 451 10.0 
7 0.58 57 12 41 3.4 
8 NC 75 101 533 5.3 
9 0.83 83 75 475 6.3 
10 0.63 77 76 408 5.4 
11 0.92 20 87 270 3.1 
12 NC 40 75 397 5.5 
Mean 0.68 64 67 363 5.5 
23.0 2.6 44.1 108.9 
5.7 2.1 7.5 18.6 
1.0 0.2 32.6 110.9 
3.7 1.2 33.6 29.0 
21.4 0.0 14.8 215.7 
74.6 3.9 4.9 72.0 
21.1 0.8 130,0 147.2 
12.6 2.6 37.8 126.5 
26.8 0.5 15.5 22.2 
13.4 1.3 57.1 83.8 
2.0 0.0 140.0 210.0 
40.0 1.0 24.0 113.0 
20.4 1.3 45.2 104.8 
NC, Noncompressible. 
mm Hg (p = 0.002 compared with before repair). 
Flow volumes in repaired vein grafts averaged 104.5 
ml /min ,  with a range of 18.6 to 216 ml /min  (p = 
0.003 compared with before repair). 
Resistance, impedance,  and  correlat ions.  Fig. 
1 shows the longitudinal impedance curves for the 
vein grafts before and after repair. The  impedance 
values at the zero harmonic level represent the mean 
pressure gradient divided by the mean flow rate 
and are mathematically equivalent to the resistance 
across the stenosis. 1i The mean resistance across the 
vein graft stenosis before repair was 170"x  103 
dyne • sec • cm -s and decreased to 2.3 x 103 dyne • 
sec" cm -S after repair (p = 0.003). 
The preoperative PSFVR was found to have a 
good correlation with the pressure gradients mea- 
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Fig. 2. Graphic relationship between pressure gradient across the stenotic graft segment and 
the PsFVR measured by duplex scan. 
sured across the graft stenoses before repair (r = 
0.71; p = 0.01). The graphic relationship between 
these variables is shown in Fig. 2. Based on the 
measured PSFVR, the pressure gradient may be pre- 
dicted as: Ap = 7.4 (PSI~R) - 19.8. The PSFVR 
also demonstrated excellent correlation with mea- 
sured resistance across the stenosis (r = 0.79; p = 
0.004). The PSFVR did not show a significant corre- 
lation to the change in graft flow volume that oc- 
curred after graft revision. When PSFVR was com- 
pared with the percent increase in flow that occurred 
after repair, a moderate correlation was found (r = 
0.57; p = 0.09). 
Unlike the PSFVR, the absolute value of PSFV 
within the stenotic vein segment showed poor corre- 
lation with all of the hemodynamic measurements, 
including baseline pressure gradient (r = 0.31; p = 
0.39), resistance across the stenosis (r = 0.23; p = 
0.53), and the percent increase in blood flow after 
repair (r = 0.26; p = 0.47). 
There was moderate correlation between the an- 
giographic determination ofpercent diameter steno- 
sis and the PSFVR that reached statistical significance 
(r = 0.58; p = 0.046). The angiographic determina- 
tion of percent diameter stenosis did not correlate 
with any intraoperative hemodynamic measure- 
ments, including pressure gradient across the steno- 
sis (r = 0.17; p = 0.59), measured resistance across 
the stenosis (r = 0.08; p = 0.82), or percent increase 
in flow after repair (r = 0.10; p = 0.79). 
DISCUSSION 
Routine surveillance of infrainguinal arterial vein 
grafts is widely recognized as being important in 
optimizing the graft patency rate.l-6 The repair of the 
graft lesions before graft thrombosis i generally re- 
warded with excellent long-term patency rates. 2,3,s 
Despite our knowledge of the impact of graft stenosis 
on patency rates, our understanding of the impact of 
graft stenosis on the graft hemodynamics is poorly 
defined. The impact of graft stenosis on pressure 
gradients across the graft, for example, is not well 
understood. A significant pressure gradient across 
the stenosis would be expected as the lesion reached 
a 50% to 60% diameter stenosis. 12 It would be antic- 
ipated that such a lesion would be identified by a 
decrease in the ABI. Nonetheless, the ABI has 
proven to be an insensitive and nonspecific indicator 
of  significant graft stenosis and grafts that are at risk 
for failure. 13 Similarly, the influence that a vein graft 
stenosis has on graft flow rates is unclear. At what 
point a graft stenosis results in a decrease in flow 
volume and how this decrease in flow is influenced by 
the characteristics of the graft stenosis compared 
with those of the outflow bed is uncertain. 
Serial examinations with the color-assisted duplex 
JOURNAL OF VASCULAR SURGERY 
1020 Belkin et al. June 1997 
scan have evolved as the optimal strategy for routine 
graft surveillance. This technique allows direct assess- 
ment of the flow velocity of each individual vein 
graft. Under normal conditions, in the absence of 
stenotic lesions, the PSFVs of vein grafts vary widely 
and are largely a function of vein graft diameter, 
outflow level, and the resistance of the outflow 
bed. 7,14 Focal acceleration ofthe PSFV above normal 
is a useful marker for a vein graft stenosis. Nonethe- 
less, attempts to relate PSFV directly to pressure 
gradients and percent diameter stenosis have been 
difficult. Kohler et al., 12 for example, attempted to 
use a modification of the Bernoulli equation (pres- 
sure gradient = 4" (PSFV2stenosis - PSFV2proximal vein) 
to predict pressure gradients measured in peripheral 
arterial stenosis, with poor results (r = 0.54). Simi- 
larly, Papanicolaou et al. s found that when the Ber- 
noulli equation was applied to vein graft stenosis to 
predict pressure gradients, there was no correlation 
(r = 0.1) with anlde-arm pressure gradients (as- 
sumed to reflect pressure gradients across the graft 
stenosis). Finally, Grigg et al. 4 attempted to use the 
principle of arterial continuity to predict vein graft 
stenosis as: % stenosis = 100 (1 -PSFVproximal vein/ 
PSFVst . . . .  is). The correlation was poor, however, 
with consistent underestimation of the stenosis as 
reflected by the arteriogram. Thus attempts to pre- 
dict the hemodynamic significance of graft stenosis 
on the basis of absolute increases in PSFV have been 
problematic. These previous observations are consis- 
tent with our finding in this study that the PSFV 
measurements failed to correlate with any of the 
hemodynamic parameters we measured. 
The calculation of the PSFVR, by comparing the 
PSFV at the stenotic site with that of the adjacent, 
normal, proximal vein allows considerable advan- 
tages. The stenotic PSFV is thus compared with an 
internal control value that corrects for differences in 
flow characteristics between various grafts. The PS- 
FVR has been proven to be the most accurate and 
reliable indicator of  significant graft stenosis, a-7 The 
current study was undertaken to directly assess the 
effects of graft stenosis on pressure gradients, graft 
resistance, and blood flow and to correlate these 
findings with those found in the duplex evaluation. 
The PSFVR, measured before surgery in the vas- 
cular laboratory, was found to be an accurate marker 
of the severity of graft stenosis. The PSFVR demon- 
strated excellent correlation with measured resistance 
across the stenosis (r = 0.79; p = 0.004). Perhaps of 
more direct clinical importance is the good correla- 
tion that PSFVR demonstrated with the pressure 
gradients that were measured across the graft steno- 
ses before repair (r = 0.71; p = 0.01). This relation- 
ship allows prediction of the pressure gradient across 
a stenosis as: Ap = 7.4 (PSFVR) - 19.8. This equa- 
tion predicts that pressure gradients across the steno- 
sis do not appear until PSFVRs are greater than 2.7. 
This is consistent with the clinical impression that 
mild to moderate graft stenoses with a PSFVR in the 
2 to 3 range usually are asymptomatic and are seldom 
associated with a significant decrease in ankle pres- 
sures. It would also suggest hat the recent recom- 
mendations in the vascular surgery literature to repair 
graft stenoses when a PSFVR of 3 to 3.5 is reached 
would focus our efforts on lesions that have reached 
hemodynamic significance3 s 
The PSFVR did not correlate with changes in 
graft flow that occurred after repair of the stenotic 
lesion. Graft flow is a function of the inflow pressure 
and resistance of the conduit and outflow vessels. 7 
The additional resistance to blood flow that is caused 
by a vein graft stenosis varies greatly in significance 
depending on the resistance of the outflow bed. A 
75% stenosis in a femoropopliteal vein graft with 
three-vessel runoff would reduce flow more than the 
same stenosis in a bypass graft to the dorsalis pedis 
artery. The relationship betwecn the extent of the 
graft stenosis and its effect on graft blood flow is thus 
more complex, and the lack of correlation in this 
small number of cases is not surprising. 
Angiographic determination fvein graft stenosis 
correlated moderately well with the PSFVR (r = 
0.58; p = 0.046). The angiographic estimate of vein 
graft stenosis, however, did not correlate with any of 
the hemodynamic parameters that were measured in 
this study. The superiority of the physiologically 
based duplex scan over the anatomically based arte- 
riogram in evaluating the significance of a graft ste- 
nosis is not unprecedented. Recent studies, for exam- 
ple, have documented the superiority of the duplex 
scan over arteriography in assessing the extent of 
carotid artery stenosis36 The increased accuracy of 
the duplex scan over that of arteriography in this 
study also suggests that the intraoperative assessment 
of the vein graft with a duplex scan may offer advan- 
tages over completion arteriography. 
Although vein graft revision has been docu- 
mented to improve and restore patency rates toward 
that of normal grafts, the hemodynamic mpact of 
such revisions has not been well described. The salu- 
tary hemodynamic effects of revision noted in this 
study are therefore noteworthy. Mean pressure gra- 
dients decreased from 20.4 mm Hg before repair to 
1.3 mm Hg after repair. Similarly, graft blood flow 
increased from 45.2 ml/min to 104.8 ml/min after 
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repair o f  the stenosis. Consistent with these findings 
was the decrease in measured resistance across the 
stenosis that occurred with graft revision. The con- 
cept o f  resistance, although seldom quantified, is 
familiar to vascular surgeons and is equal to mean 
pressure change divided by mean flow rate. Flow in 
arteries is more complex, however, and impedance to 
blood flow represents a more accurate measure of  
vascular resistance in a pulsatile system. Through 
Fourier transformation, pressure and flow waves are 
precisely described by a series o f  sine waves, which 
are then used to calculate the impedance values. The 
dramatic decrease in impedance to blood flow dem- 
onstrated in Fig. 1 further documents the hemody- 
namic benefit o f  vein graft revision. 
The vein graft stenoses investigated in this study 
were limited to short (-<5cm), isolated lesions. This 
limitation allowed us to make simple and direct com- 
parisons between isolated abnormalities found in the 
vascular laborato~ with the hemodynamic measure- 
ments in the operating room. In clinical practice, 
vein graft lesions are often considerably more com- 
plex, with long strictures and serial graft stenoses 
being commonplace. These types o f  lesions will 
clearly effect vein graft hemodynamics in more com- 
plex ways than the simple lesions investigated in this 
study. Further hemodynamic evaluations in these 
vein grafts will help us determine the significance of  
these lesions in the vascular laboratory. Further eval- 
uation and long-term follow-up will also allow us to 
correlate hemodynamic improvement after repair 
with postoperative vascular laboratory studies and 
long-term secondary vein graft patency. 
CONCLUSION 
Vein graft hemodynamics are profoundly effected 
by stenotic lesions in a manner that can be predicted 
by the duplex scan. The PSFVR correlates well with 
measured pressure gradients and with resistance 
across the stenosis. Changes in graft blood flow fol- 
low a more complex relationship that depend on and 
correlate with changes in graft resistance. Further 
hemodynamic studies will help refine our ability to 
identify, assess, and treat stenotic vein grafts. 
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DISCUSSION 
Dr. James O. Menzoian (Boston, Mass.). We con- 
tinue in our education about hemodynamics of vein graft 
failure. In the paper we had just heard from Dr. Schwartz, 
he showed that he could isolate two groups of patients 
based on their impedance number and that the number 47 
seemed to be obtained I guess by linear regression. If you 
had impedance of more than 47 those were graft failures, is 
that right? The cutoffwas 47? 
Dr. Michael Belkin. Yes. 
Dr. Menzoian. Now, in your prerepair assessment of
the patients, were they above that magic number of 47? 
Dr. Belkin. I didn't do an integration of the area 
under the curves, as he did, to reach that number. How- 
ever, the resista~lces of these stenotic grafts were higher 
than the resistances of the grafts at the time they were 
placed in our other study. The 170 X 103 dyne" sec" cm 5 
was higher than the other grafts, suggesting that these 
lesions are very significant and would result in graft failure. 
Dr. Menzoian. So it looks like the diameter of the 
graft is very key in the impedance of that graft. Is that 
correct? 
Dr. Belkin. I do not believe we have shown that in Dr. 
Schwartz' study, but I believe that to be the case. I think 
diameter is a critical factor. 
Dr. Menzoian. Are there other things about the graft 
that you think correlate with impedance, or is it just some 
innate viscoelastic property that we cannot understand? 
Dr. Belkin. I think Dr. Abbott alluded to some of the 
important factors. The compliance will affect the imped- 
ance. I think the most important factor is the diameter, 
The length will have an impact in terms of viscous forces, 
but it will be much more minor than the actual diameter of 
the graft. 
Dr. David B. Pilcher (Burlington, Vt.). You said that 
three out of 10 after revision underwent completion an- 
giography. Did you rely on duplex alone in the other seven 
out of 10, or did you have the flow probe? In other words, 
if you don't have that flow probe, can you just rely on 
duplex? 
Dr. Belkin. In the other seven patients we assumed 
that the repair was technically adequate. It is possible that 
that may have introduced some of the small pressure gra~ 
dients that still appeared. In eight patients there was a 
minimal gradient detectable after the repair, whereas in 
one of them there was a pressure gradient of 3.9 mm Hg. 
There may have been a small technical glitch, but that was 
one of the patients who had an arteriogram, and nothing 
abnormal was seen. 
